The Utah State University Advanced Mesospheric Temperature Mapper was deployed at the Amundsen-Scott South Pole Station in 2010 to measure OH temperature at~87 km as part of an international network to study the mesospheric dynamics over Antarctica. During the austral winter of 2014, an unusually large amplitude~28-day oscillation in mesospheric temperature was observed for~100 days from the South Pole Station. This study investigates the characteristics and global structure of this exceptional planetary-scale wave event utilizing ground-based mesospheric OH temperature measurements from two Antarctic stations (South Pole and Rothera) together with satellite temperature measurements from the Microwave Limb Sounder on the Aura satellite and the Solar Occultation For Ice Experiment on the Aeronomy of Ice in the Mesosphere satellite. Our analyses have revealed that this large oscillation is a wintertime, high-latitude phenomenon, exhibiting a coherent zonal wave #1 structure below 80-km altitude. At higher altitudes, the wave was confined in longitude between 180°E and 360°E. The amplitude of this oscillation reached~15 K at 85 km, and it was observed to grow with altitude as it extended from the stratosphere into the lower thermosphere in the Southern Hemisphere. The satellite data further established the existence of this oscillation in the Northern Hemisphere during the boreal wintertime. The main characteristics and global structure of this event as observed in temperature are consistent with the predicted 28-day Rossby Wave (1,4) mode.
Introduction
Planetary waves (PWs) are global-scale phenomena generated in the lower atmosphere which can propagate upward into the upper Mesosphere and Lower Thermosphere (MLT) region under the right conditions, interacting with gravity waves and tides and playing an important role in MLT dynamics. Due to their relatively low phase speeds, PWs are prone to filtering by the background wind field before reaching the MLT region. Nonetheless, mesospheric PWs have been observed utilizing satellite and ground-based measurements at all latitudes in mesospheric wind and temperature data (e.g., Lieberman & Riggin, 1997; Luo et al., 2001; Murphy et al., 2007; Riggin et al., 1995; Walterscheid et al., 2015; Wu et al., 1994) .
To date, ground-based mesospheric PW observations over Antarctica are sparse. Table 1 summarizes reports of Antarctica mesospheric PW observations since the 1980s. Most measurements have been made using partial reflection (60-105 km) and meteor radar (80-100 km) techniques and more recently using temperature measurements from OH spectrometer. Some studies involved multistations (e.g., Espy et al., 2005) , and others used multiyear data (e.g., Stockwell et al., 2007) . These studies have succeeded in identifying PWs with periods of 2, 4, 5, 14, 16, and 30-50 days with the later using 9 years of data.
South Pole (SP) station (90°S) is a unique location on Earth for mesospheric dynamic measurements. Optical observations can be made continuously over a 4 -5 month period during the extended winter season. Starting in the early 1990s, two long-term data sets were obtained, both utilizing the OH emission at~87-km altitude to observe the mesospheric temperature, wind, and OH intensity using a Fabry-Perot spectrometer (e.g., Hernandez, 2003) and OH temperature and brightness using a Michelson Interferometer (e.g., Azeem et al., 2007; . In 1995, a meteor radar system was deployed at SP station and mesospheric wind measurements (80-100 km) were conducted with more than 1 year of operations providing continuous day-night (summer/winter) measurements (e.g., Forbes et al., 1999; Palo et al., 1998) . Subsequently, Fe/Rayleigh lidar observations of iron density and mesospheric temperature profiles were obtained during 1999-2001, extending from 30 to 110 km depending on the Fe density (e.g., Chu et al., 2002) . These data sets have provided valuable insights into mesospheric temperature/wind structures and climatology as well as tides and PWs, primarily during the wintertime (e.g., Azeem et al., 2007; Azeem & Sivjee, 2009; Forbes et al., 1999; Hernandez, 2003; Hernandez et al., 1992; Pan & Gardner, 2003; Sivjee & Walterscheid, 2002) . This said, very few mesospheric PW events from SP have been reported. Fraser et al. (1993) investigated an eastward moving mesospheric 2-4 day wave using Fabry-Perot spectrometer wind measurements, revealing zonal wave #1 structure. Using mesospheric wind data obtained by the same instrument, Hernandez et al. (1997) analyzed an~2 day (51.8 hr) standing wave event. Sivjee and Walterscheid (2002) identified lowfrequency intraseasonal variations of 17, 23, and 45 days in the mesosphere, using three winter seasons of OH (3,1) band brightness data obtained with a Michelson Interferometer. Using meteor radar wind data, Palo et al. (1998) reported eastward propagating long-period wave activity and Forbes et al. (1999) confirmed that in addition to strong tidal oscillations, eastward propagating PWs existed during the winter seasons with period of 2-10 days. However, to our best knowledge, there have been no reports of PWs in mesospheric temperature over SP and no prior reports of 28-day oscillation over Antarctica.
As part of the Antarctic Gravity Wave Instrument Network (ANGWIN), the Utah State University (USU) Advanced Mesospheric Temperature Mapper (AMTM) was deployed at SP Station in 2010. Since then, high-quality continuous OH rotational temperature and band intensity measurements have been obtained from SP during the extended winter season (Pautet et al., 2018) . In this paper, we utilize the ground-based OH temperature measurements from SP and from Rothera station, together with satellite temperature measurements to investigate the characteristics and global structures of an unusually large 28-day oscillation observed during the austral winter of 2014. In this paper, Section 2 will introduce the data used for this study. Section 3 will present the results from the ground-based temperature measurements and the temporal evolution of this event. Section 3 will also examine the characteristics and spatial structure of this large oscillation using available satellite temperature data (Solar Occultation For Ice Experiment [SOFIE]/Aeronomy of Ice in the Mesosphere [AIM] and Microwave Limb Sounder [MLS]/Aura). Section 4 will discuss the possible origin of this 28-day oscillation. A summary of the results is given in section 5.
Instrumentation and Data

SP Station
The USU AMTM is a novel instrument designed to map dynamical structures in mesospheric temperatures in the upper atmosphere using observations of the infrared OH (3,1) band emission at~1.55 μm. This well-known airglow emission originates from an~7 -8 km (full width at half maximum) layer located at a nominal altitude of~87 km and has been widely used as a tracer of a broad range of dynamical processes including gravity waves, tides, PWs, and seasonal variations present in the mesopause region. (e.g., Baker & Stair, 1988; Cai et al., 2014; French & Klekociuk, 2011; Meriwether, 1975 ; Pendleton et al., 2000; Sivjee & Walterscheid, 2002; Taylor et al., 2007; Zhao et al., 2007) . The AMTM uses a wide field (120°) telecentric imaging system to sequentially observe the P 1 (2) and P 1 (4) emission lines of the OH (3,1) band and a selected background region to obtain high precision OH rotational temperature maps (typical zenith field of view 200 × 160 km), using the well-established "ratio" method (e.g., Meriwether, 1975) . In operation, time series of band intensity and temperature maps are obtained every~30 s, with a zenith spatial resolution of~0.6 km/pixel. Cross-calibration observations alongside a Na wind temperature lidar at USU indicate a typical precision of~2 K/pixel and an accuracy of~5 K with respect to coincident height-weighted (full width at half maximum~8 km) lidar measurements using a mean altitude of 87 km . The first AMTM developed at USU was deployed to the U.S. Amundsen-Scott SP Station in January 2010 and has operated successfully with continuous (24 hr) observations during each winter season (from late April to the end of August,~4.5 months) from 2011 to date. Figure 1 shows a typical example of AMTM continuous measurements of zenith OH temperature and band intensity during a 24-hr period on day of year (DOY) 138 (17 May) of 2012. The temperature (solid circles) and band intensity (open circles) are the mean of the 20 by 20 center pixels (referred as zenith temperature and intensity hereafter) of the AMTM data with a temporal resolution of~30 s and a daily total of~2500 temperature and band intensity measurements. The temperature and the band intensity both show gravity wave activity with periods ranging from~1 hr to several hours. Further spectral analysis of the wintertime temperature measurements (not shown) indicates that the gravity wave activity usually dominated the wave spectrum during the winter season at the pole, while the tides are either not present in our data or very weak compared to the shorter period gravity waves. Figure 2 shows the winter season 2012 daily (24 hr) mean temperature and band intensity (17 April to 29 August, 2012). In 2012, our winter season measurements started at DOY 108 (April 17) when the temperature and band intensity were at their highest levels, and they both then decreased throughout the winter. The early season OH temperatures were high at~220 K in April and proceeded to decrease throughout the season down to~205 K with a winter mean of 212 K. Similar decline was detected in mean seasonal temperatures from~207 K in April to~200 K in August with a winter mean of 204 K from Davis station (68.6°S, 78.0°E; result not shown). One striking feature of the SP daily mean temperature and band intensity is the superimposed oscillations upon the observed linear seasonal decreasing trend. A Lomb-Scargle periodogram analysis (Press et al., 1992; Scargle, 1982) of the AMTM temperature data revealed a very rich PW spectrum ( Figure 3) , with periods of~5,~18,~28, and~45 days. As noted earlier, similar intraseasonal variations with periodicities of 17, 23, and 45 days were also reported from SP by Sivjee and Walterscheid (2002) but only in OH (3,1) band brightness. In this study, we will focus on the AMTM temperature data from SP station obtained during the winter season of 2014 when an unusually large amplitude 28-day oscillation was observed. The data are available online (http://digitalcommons.usu.edu/ail/. Password to access the database can be provided upon request to the authors).
Rothera Station
Rothera Research Station is a British Antarctic Survey base situated on Adelaide Island immediately to the west of the Antarctic Peninsula (67.6°S, 68.1°W). An OH Bomen spectrometer has been operated at Rothera since 2002, providing mesospheric temperature measurements as part of the ANGWIN program. The spectrometer observed the OH Meinel band nightglow emission over the 1,000-1,700 nm spectral range at~0.5 nm resolution to measure the OH band radiance and to derive its rotational temperature. Interferograms were obtained every 3 s, and the data were integrated for periods between~5 and 15 min for each spectrum, depending upon the radiance levels. The relative uncertainty estimates for integrated rotational temperature were typically 3-5%. Continuous nocturnal measurements were made for solar depression angle >5°. Further details of the instrument operations and the spectral and wavelength calibrations are described by Espy and Stegman (2002) and Espy et al. (2003 Espy et al. ( , 2007 .
In this paper, we use the 2014 daily mean OH (3,1) temperature from Rothera. Observations started on 19 Feb (DOY 49) and continued until 22 Oct (DOY 294), yielding a total of 199 nights of data. For spectral analysis and band-pass filtering, the daily mean data were then resampled to 1-day intervals by applying a standard spline interpolation to eliminate data gaps (days of missing data due to weather condition). The Rothera temperature data are available online (http://psddb.nercbas.ac.uk/data/access/coverage.php?menu=4&bc=1&source=1&class= 46&year=2014).
Satellite Measurements
The NASA AIM satellite was launched in April 2007 as the first satellite mission dedicated to investigating Polar Mesospheric Clouds . SOFIE is one of the two main instruments onboard the AIM satellite. SOFIE conducts solar occultation measurements to retrieve chemical composition of several key atmospheric species and Polar Mesospheric Clouds properties ). In particular, each day, a total of 15 high-latitude vertical temperature profiles are obtained at sunset (Southern Hemisphere) and 15 at sunrise (Northern Hemisphere). In this study, we utilize the 2014 SOFIE temperature measurements (version 1.3, level 2, Hervig & Gordley, 2010; and Hervig et al., 2016) from 15 to 100 km at 1-km intervals in both hemispheres. The precision of v1.3 SOFIE temperature is within 0.2 K with 2-4 K warm bias compared to SABER temperature during the summer at NLC altitudes (~83 km) and larger above 88 km Hervig et al., 2016 and Stevens et al., 2012) . The SOFIE data are available as standard data products online (http://sofie.gats-inc.com/sofie/index.php). Within the year of 2014, the SOFIE measurements covered the latitude range 48°S to 72°S in the Southern Hemisphere and 61-89°N in the Northern Hemisphere.
The MLS on the NASA Aura satellite was launched on 15 July 2004 (Schoeberl et al., 2006; . As a key data product, global temperature profiles are continuously obtained from~9 tõ 90 km with a total of 240 vertical scans each orbit, covering the latitude range 83°S to 83°N. The MLS temperature precision decreased with altitude, from 0.6 K in the stratosphere to 2.5 K in the mesosphere (e.g., Schwartz et al., 2008) . In this study, we have used the high-latitude SOFIE temperature profiles together with the MLS v4.2 global temperature retrievals from 2014 (https://disc.gsfc.nasa.gov/ datasets?page=1&keywords=ML2T_004) to investigate the global and vertical structures of the observed long period~28-day mesospheric oscillation.
Observations and Results
Ground-Based Observations and Results
In 2014, the USU AMTM at SP began taking data in April (DOY 108) and the measurements stopped at the end of August (DOY 245) when the sky became too bright due to twilight. A total of 136 days of near 24-hr continuous measurements of the OH (3,1) band relative intensity and derived rotational temperature were obtained, with short data gaps occasionally, caused by clouds. Figure 4a shows the 24-hr daily mean AMTM zenith temperature (thin line with solid circles), while the dashed curve shows a second-order polynomial fit of the temperature data to illustrate the general temperature trend during this winter season. The fit shows that the MLT temperature initially increased during April and May, reaching an annual maximum around the end of May and decreased thereafter, until the end of the winter season, agreeing well with previous MLT temperature studies (e.g., Azeem et al., 2007; Hernandez, 2003) . The mean of the winter season was 211.5 K with a large standard deviation of 13.3 K. Figure 4b shows the temperature perturbation with the trend (dashed line) removed. A large oscillation is evident, starting in the middle of the winter, around end of May (~DOY 150) and observed continuously for nearly 100 days until the end of the winter season (~DOY 245). To investigate the period of this strong oscillation, a Lomb-Scargle periodogram 
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Journal of Geophysical Research: Atmospheres analysis was applied to the full winter temperature data set, using the 30-s temporal resolution, resulting in a high confidence level in the analysis. The resultant power spectrum is plotted in Figure 4c and is dominated by a single peak with a well-defined period of~28 days (see appendix for statistical confidence analysis of this event). This peak dwarfs the other PW signatures (i.e., 5, 8, 12, and 17 days) that were also detected by the AMTM with high confidence during this winter season.
As illustrated previously in Figure 3 , PWs with similar 28-day periodicity in MLT temperature data have been detected by the AMTM at SP but have never reached such large amplitudes (13.5 K) as observed during the winter of 2014. To investigate this prominent oscillation further, we have examined data from two other Antarctic sites, Rothera (67.6°S, 68.1°W) and Davis (68.6°S, 78.0°E) stations, where coincident mesospheric temperature measurements were obtained as part of the ANGWIN program. Both Rothera and Davis are located at similar and significantly lower latitudes (>20°lower), and consequently, their winter season nighttime measurements at these sites started about 2 months earlier and ended about 2 months later than at SP, providing valuable additional observation time. The duration of their daily measurements ranged from~4 hr (beginning and end of the winter season) to 24 hr around solstice. Figure 5 plots the Rothera 2014 daily mean OH (3,1) band temperature (black curve) together with the daily mean temperature (red curve) from SP (as in Figure 4a ). The extended winter seasonal mean at Rothera was 211.4 K, similar to that at SP, while the standard deviation at Rothera (17.6 K) was even larger than at SP. Furthermore, the extended Rothera data revealed two additional cycles of this 28-day oscillation. Close inspection of Figure 5 shows that the mesospheric temperatures from these two stations exhibited the same in-phase, large amplitude oscillations superimposed on a similar seasonal trend during the winter of 2014, providing exceptional confidence in the quality of these two data sets. This said, a similar analysis of the 2014 OH spectrometer temperature data from Davis station (longitude 78.0°E) indicated no significant evidence of this 28-day oscillation in the MLT region. This very surprising and important result is discussed further in section 3.2 and later.
To investigate the periodicity and duration of the waves seen in the Rothera data, a wavelet analysis (Torrence & Compo, 1998 ) was applied to the nightly mean OH temperature data and the results are shown in Figure 6 . During the early winter season, waves with periods~13-16 days were detected but only briefly. The dominant PW activity started in June (around DOY 180) and initially exhibited a broad range of periods betweeñ 20 and 40 days, which subsequently evolved into the strong 28-day oscillation (peaking between DOY 220 and 230) and then remained prominent throughout the rest of the winter and into the early spring season, with final observations limited by twilight.
In order to more quantitatively compare these long period oscillations as detected from both sites, a bandpass filter (24-30 day) was applied to the nightly mean temperature data from Rothera and the corresponding 10-min resolution temperature data from SP. The results are shown in Figure 7 and are most revealing. At each site, the wave appeared at the same time (DOY 150) and the subsequent cycles of this 28-day oscillation exhibited high phase coherence during the rest of the winter season (>140 days). Furthermore, both 28-day oscillations were observed to grow uniformly in amplitude during the first two cycles, peaking around DOY 220 and then decaying together. The maximum amplitude at Rothera reached~15.5 K and was~15% larger than that at SP (13.5 K). The longer Rothera data set mapped five full cycles of this event at the MLT (~87 km) altitude. This is the first time that such a long duration, large amplitude, coherent 28-day oscillation has been reported in mesospheric temperature. Our SP and Rothera ground-based data sets have firmly established the existence, periods, and duration of this remarkable event as observed in the polar 2014 winter MLT region over Antarctica.
Satellite Observations and Results
We now explore the vertical and horizontal extent and duration of this prominent 28-day PW event utilizing available complementary temperature measurements obtained by the NASA AIM and Aura satellites.
The SOFIE temperature profiles (15-100 km) from the AIM satellite, with the highest quality vertical resolutions, were used first to investigate the time evolution of the vertical structure of this large oscillation. A Fast Fourier Transform (FFT) spectral analysis was first applied to the SOFIE temperature at 85 km between 270°E and 300°E. This location was chosen based on our ground-based results showing that larger amplitudes of this 28-day oscillation were observed over Rothera station as discussed in section 3.1. The resultant spectrum is plotted in Figure 8 . The spectrum is similar to that in Figure 4c , exhibiting a strong peak at 26-28 days. This established that 
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Journal of Geophysical Research: Atmospheres both the satellite and ground-based temperature measurements detected this strong 28-day oscillation in the MLT region. To further examine the vertical extent of this event, the 2014 southern hemispheric SOFIE temperature between 270°E and 300°E were filtered using the same (24-30 days) band-pass filter as that applied to the ground-based data. Figure 9 plots the results as function of DOY versus altitude. The oscillation was first detected around DOY 150 around 60 km, commensurate with the ground-based measurements. The combined results show that the event extended vertically throughout the stratosphere into the upper MLT. The amplitude of this oscillation exhibited a broad maximum around 85 km (extending from~80 to 90 km) that grew during the first three cycles and peaking around DOY 223. Thereafter, the PW amplitude decreased over the next three cycles and finally disappeared after DOY 300 (end of October), as observed in the ground-based measurements.
In order to investigate the temporal variation in the zonal structure of this event, the SOFIE 2014 temperature data were binned into 30°longitude sectors at all altitudes, and the same band-pass filter was then applied to each sector. The filtered results at 85 km (in close proximity to the nominal OH layer peak altitude) are plotted in Figure 10 and reveal a prominent geographically localized signature in the MLT region during 
Journal of Geophysical Research: Atmospheres the period when the 28-day oscillation was observed. In particular, this event was only evident between 240°E and 360°E longitude and was centered at~285°E, with four cycles and peak amplitudes >10 K at MLT altitudes. The longitudinal coverage of this event was observed to increase with time, spanning~180°in longitude at the peak of the event by late August, near the end of the austral winter. The longitudinal extent then reduced as the amplitude of the wave decreased in the early spring time. This result is fully consistent with our ground-based observations of a large MLT oscillation over Rothera station (longitude 292°E) but no evidence of a similar response over Davis station (longitude 78°E).
To further compare satellite temperature measurements with the ground-based results of this wave event, Figure 11 combines the band-pass filtered temperature results from SP station, Rothera station, and SOFIE at 85 km, between 270°E and 300°E longitude where the wave was strongest, as determined in Figure 10 . The addition of the SOFIE data provides a complete picture of this extraordinary event. All three data sets reveal strong in-phase oscillations that started around DOY 150 (late May early June) during the austral winter. Up to six full oscillations were observed by SOFIE, establishing the lifetime of this event (~180 days). The amplitudes of the oscillation grew uniformly together, reaching a peak of~15 K at around DOY 220 (8 August 
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Figures 9 and 10 have revealed the time evolution of the vertical and zonal structure of this oscillation in the Southern Hemisphere. Now we explore the vertical and zonal structure for 1 day in the cycle. Figure 12 plots the vertical structure versus longitudes for DOY 223 (close to maximum amplitude) using the SOFIE temperature data. A well-defined zonal wave #1 pattern is evident below 80 km, exhibiting larger amplitudes in the 0-60°E longitude sector. However, above 80 km, the data were dominated by a single strong maximum centered around 300°E, with no evidence of a corresponding minimum. Examination of other dates during the 2014 winter confirmed this finding of a single maximum (or minimum) at MLT altitudes. This further explains why the ground-based OH observations of this oscillation over Antarctica were stronger at Rothera station (292°E; and SP) but apparently absent at Davis station (78°E). However, it is important to note that at altitudes below~80 km, SOFIE data did detect a strong 28-day response over Davis station (which was larger than the opposite peak over western Antarctica). Furthermore, the vertical structure of this PW indicates a vertical wavelength of~35-40 km with clear horizontal zonal wave #1 structure. Figure 11 . Comparison of ground-based and satellite temperature measurements of the 28-day oscillation revealing the full life cycle of this event. The SOFIE temperature data were plotted at 85 km, between 270°E and 300°E longitude where the amplitudes were largest at Mesosphere and Lower Thermosphere altitudes. SOFIE = Solar Occultation For Ice Experiment; DOY = day of year. Figure 12 . Solar Occultation For Ice Experiment temperature perturbation on DOY 223(11 August) plotting vertical structure as a function of longitude, revealing clear zonal wave #1 perturbation below 80 km. Above this height, the event is strongly localized in longitude (between~240°E and 360°E) as also evident in Figure 10 .
The 2014 MLS temperature measurements are now used to investigate the meridional extent (north-south) of this oscillation at MLT altitudes. The MLS data were binned into 5°latitude by 30°longitude sectors, and the same 24-30 day band-pass filter was applied to each bin for all pressure levels. Figure 13 presents the filtered results at 0.00464 hPa (at~82 km) centered on 285°E longitude (between 270°E and 300°E), where the maximum response was measured by SOFIE ( Figure 10) . The MLS latitude versus DOY plot shows a strong localized oscillation during the wintertime in the southern polar region initiating~DOY 150, near end of May, and exhibiting four strong cycles with peak amplitudes of~10 K. The oscillation extended equatorward to~60°S only. Close inspection of Figure 13 showed that at~30°S, there was a secondary set of weaker wave extending from DOY 180 to~DOY 270 with amplitudes of~3 K at 82 km.
Examination of the SOFIE and MLS data at lower altitudes (below 80 km) has revealed a different zonal and latitudinal structure than that determined in the mesopause region. For example, Figure 14 plots the longitudinal structure versus DOY derived from the SOFIE band-pass filtered results at 30-km altitude in the Southern Hemisphere (using the same 30°longitudinally binned data). This altitude was chosen to coincide with the well-defined wave #1 structure in the stratosphere as seen in Figure 12 . Comparison with the MLT results of Figure 10 , the stratospheric zonal structure was surprisingly different. In particular, at stratospheric altitudes, the oscillation extended over all longitudes in contrast to the localized response observed in the MLT region. Furthermore, in the stratosphere, the oscillation was strongest between longitudes 0°E and 180°E and weakest between 300°E and 360°E where the amplitude was almost halved.
Based on the unexpected SOFIE results of the broad longitudinal extent of the event at 30 km (Figure 14) , we have reexamined the MLS band-pass filtered temperature results at a similar altitude of 10 hPa (~30 km) to investigate the meridional extent of this oscillation. Figure 15 reproduces the format of Figure 13 but plotting the latitude versus DOY results at 10 hPa. Unlike the weak oscillation at 85 km in the Northern Hemisphere MLT region, which is due to the peak in the Northern Hemisphere winter located at much lower altitude (see Figure 17 ), the stratospheric signature yields a strong wintertime response equal to that of the Southern Hemisphere winter response, strongly suggesting that the 28-day oscillation is a high-latitude wintertime global phenomenon in both hemispheres. A secondary weak oscillation (amplitude 2-3 K) was also evident in the Northern Hemisphere in November and December at this lower stratospheric altitude but not for the Southern Hemisphere wintertime. 
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Journal of Geophysical Research: Atmospheres Figure 16 plots stratospheric signature of the oscillation at 10 hPa using the MLS data on DOY 247. The plot clearly shows a zonal wave #1 structure consistent with our findings in Figure 12 below 80 km. Figure 16 further shows that this event extended from the Southern Hemisphere winter polar region to midlatitudes, peaking around 60°S. As now expected, no similar oscillation was detected in the summer time Northern Hemisphere, confirming the wintertime nature of this event. It is also important to note that the amplitude of this oscillation is larger (~10 K) at~30°E, as compared with a 5 K peak amplitude at~250°E. This asymmetry in amplitudes is evident all the way up to 80 km as also shown in Figure 12 .
In the above analysis, we note that there are also indications of this oscillation in the Northern Hemisphere at high latitudes during the winter months but with much reduced amplitudes at MLT altitudes (<50%, Figure 13 at 82 km). Figure 17 compares the vertical structure of this oscillation in the Northern Hemisphere to that in the Southern Hemisphere (Figure 9 , between 270°E and 300°E) using SOFIE temperature data. Both figures confirm that the 28-day oscillation occurred in the high-latitude wintertime in the Northern and Southern Hemispheres. However, Figure 17 shows this oscillation peaked at a lower altitude (~70 km) in the Northern Hemisphere as compared to that in the Southern Hemisphere (between 80 and 90 km). This explains why at 82 km ( Figure 13 ) only very weak wave amplitudes were detected. In the Northern Hemisphere, the amplitudes of the 28-day oscillation (maximum~9 K) were very similar to those observed in the Southern Hemisphere data (Figure 9 ). The temporal evolution and duration of this event were also similar, further establishing its existence in both the Northern and Southern Hemispheres during wintertime.
Discussion
Together, our analysis and results have firmly established this unusual 28-day oscillation as a wintertime, global-scale, vertically extensive and long lasting event exhibiting a wave #1 signature below 80 km.
One possible origin of this 28-day oscillation is the normal mode Rossby wave. Theoretically, one of the westward propagating modes of Rossby waves is the wave #1, meridional index (l-s) = 4 asymmetric mode, which has a period of 28.08 days in the presence of zonal winds (Kasahara, 1980; Madden, 2007) and a period of~17 days with no zonal winds (Kasahara, 1980) . This mode is sometimes referred as the 25-day free Rossby wave (Sassi et al., 2012) . Rossby waves are westward propagating waves, and the (1,4) 28-day mode Figure 17 . Same as Figure 9 but showing the Northern Hemisphere Solar Occultation For Ice Experiment band-pass filtered temperature perturbations for comparison. The peak altitude was at~70 km, lower than the Southern Hemisphere peak. DOY = day of year.
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Journal of Geophysical Research: Atmospheres has a very low phase speed (<10 m/s at high latitudes) which severely limits its propagation into the MLT during the summer. Sassi et al. (2012) also studied this Rossby (1,4) mode and found that propagation to higher altitudes was expected to be transient due to the background wind filtering. Figure 18 replots part of Figure 1 of Sassi et al. (2012) showing the latitudinal structure of this (1,4) mode for geopotential height (note that the latitudinal structure for temperature is the same). The figure is characterized by two large amplitude peaks at high latitudes of opposite signs and another two weaker peaks in the midlatitude regions. The satellite temperature results (Figures 13 and 15 ) have established that the 28-day oscillation peaked at high latitudes (~60°S and~60°N) in both hemispheres and extended from the lower stratosphere to MLT altitudes with a zonal wave number1 structure below 80 km (Figures 12 and 16) . Figures 13 and 15 also indicate possible secondary peaks at lower latitudes (~30°S and~30°N). These signatures of this 28-day oscillation are consistent with the theoretic prediction of the Rossby (1,4) mode.
However, our analysis also revealed differences between the observed 28-day oscillation and the theoretical properties of the Rossby wave (1,4) mode, especially above 80 km. For example, Figures 10 and 12 showed the waves in the Southern Hemisphere exhibited stationary rather than propagating wave signatures which were only detected "locally." Furthermore, for a perfect zonal wave #1 wave, there should be no detectable signal at SP, contrary to the large observed oscillation reported herein. The causes of these discrepancies are possibly related to the ever changing background wind in the real atmosphere, filtering out the wave at one location (e.g., as for Davis station) and altering its apparent (observed) zonal phase speed. Nonetheless, the observed zonal and meridional signatures of this 28-day oscillation appear to be very similar to those of a westward propagating Rossby wave (1,4) mode.
Before we can draw this conclusion, we need to also address the possibility that this 28-day oscillation was driven directly by solar forcing. In addition to the well-known~11-year solar cycle, the Sun rotates with a period of~27 days and the associated solar radiation variation is known to modulate the Earth's atmospheric thermal structure and chemistry, with a similar periodicity, especially in the middle and upper atmosphere (e.g., Bossay et al., 2015; Ruzmaikin et al., 2007; Shapiro et al., 2012) . In particular, Beig et al. (2008) reviewed solar driven 27-day oscillations in temperature and determined them to be Figure 18 . Figure 1 of Sassi et al. (2012) showing the theoretical latitudinal structure of the Rossby wave (1,4) mode in geopotential height (same latitudinal structure as temperature). Note the large amplitudes at high latitudes and the secondary amplitudes at lower latitudes.
Journal of Geophysical Research: Atmospheres small (<4 K) in the mesosphere for all latitudes. More recently, Thomas et al. (2015) studied the effects of the 27-day solar variations on temperature during the polar summer season also using SOFIE temperature measurements. Their results showed that the maximum temperature response to solar variations was~1 K. Both of these studies indicate solar-driven temperature changes are much smaller compared to the amplitude of the 28-day oscillation (~15 K) that was independently measured during the wintertime over Antarctica. Furthermore, several of the characteristics of this oscillation cannot be explained by the effects of solar radiance changes. For example, (a) the observed oscillation exhibited a clear zonal wave #1 structure below 80 km with well-defined vertical wave structure, (b) the event was restricted to wintertime at high latitudes, and (c) the wave spectrum ( Figure 6 ) was broad and observed to change with time. Thus, while it is possible that a small fraction of the observed 28-day oscillation may have been due to direct solar forcing, the majority of this unusually strong 28-day oscillation was more likely the signature of a large amplitude (1,4) mode of Rossby wave. This said, it is also possible that the normal mode was triggered by the solar 27-day variation.
Summary
The PW activity in the MLT region over Antarctica during the 2014 winter season was dominated by a prominent (approximately six full cycles) large-amplitude 28-day oscillation. We have utilized ground-based OH temperature measurements from SP and Rothera stations together with satellite temperature profiles from MLS and SOFIE to investigate the temporal characteristics and spatial structure of this unusual event. The main findings are as follows:
1. Unusually strong (~15 K amplitude), persistent (~6 months) 28-day oscillation detected in 2014 winter/early spring temperature data over Antarctica. 2. Coherent vertical PW structure from stratosphere to MLT region showing amplitude growth with altitude (with peak in upper mesosphere) in both hemispheres during wintertime. 3. Below 80 km, the 28-day oscillation exhibited a clear zonal wave # 1 structure. Above 80 km, only a single peak was observed (probably due to wind filtering). 4. The 28-day oscillation was found to peak at high latitudes in both hemispheres and a secondary weak peak is evident at lower latitudes. 5. The observed zonal and meridional characteristics and the period of the 28-day oscillation are consistent with the theoretical signatures of the Rossby wave (1,4) mode.
To our best knowledge, this is the first time that such a strong long period (28 days), persistent PW has been observed in mesospheric temperature over Antarctica.
where n is the number of points in the time series and f is a normalized frequency such that the Nyquist frequency falls at f ¼ 1 = 2 (Wilks, 2011) . The quantity σ 2 ε can be obtained from the variance of the time series σ 2 T using σ 2 ε ¼ 1−ρ 2 ð Þσ 2 T (Wilks, 2011) . The kth Fourier component of the observed spectrum C 2 k can be deemed significant at the (1 − α) level if
where χ 2 υ 1−α ð Þis the value of the chi-square distribution for a significance level of (1 − α) and number of degrees of freedom υ.
To extract the Fourier components needed for this analysis, the SP AMTM temperatures during 2014 were resampled into hourly bins. The periodogram shown in Figure 4 oversamples in frequency by a factor of 4. Thus, in order to reproduce the Lomb-Scargle analysis results using an FFT, the time series needs to be extended ("zero padded") by a factor of 4 to decrease the output frequency interval. Excellent agreement between the form of the two periodograms is obtained when this is done (not shown), demonstrating the equivalence of the two methods of analysis. However, it is noted that the zero padding does not change the information content of the periodogram. Figure A1a shows the utility of an AR1 model for these data. Here, hourly averages of the SP AMTM temperatures during 2014 are plotted against the hourly temperature that follows and a strong correlation is apparent. The parameter ρ is calculated (Wilks, 2011) and has a value of 0.904. The time series variance σ 2 T yields a value of σ 2 ε of 35.295 using the equation given above.
To obtain the value of C 2 k , an FFT is applied (with a transform direction that does not scale by the number of points) to the zero padded time series and the positive and negative frequency components are summed (to give a single-sided spectrum). The squared amplitude of each Fourier component is obtained by multiply the complex spectral amplitudes by their complex conjugate and dividing by the square of the number of points n. The low-frequency part of the resulting spectrum is shown in Figure A1b , with a normalized frequency scale as defined above. The number of points n used here and in the theoretical AR1 spectrum is equal to the number of good data points in the time series. Thus, the influence of data gaps and zero padding is excluded. The peak corresponding to a 28-day period (indicated by a vertical line) implies an amplitude of ffiffiffiffiffi 51 p ≈7K which is consistent with oscillations in the observed time series. The statistical significance criterion given in equation (A3) above can be assessed by scaling the theoretical spectrum S(f) (for which all the parameters are now known) with χ 2 υ and υ. The number of degrees of freedom used here is υ = 2 because the squared amplitude is generated from two independent parameters (Wilks, 2011) . To test for the presence of a wave of period known to be 28 days at the 90% level in Figure A1 , the squared amplitude coefficients need to exceed the line associated with α = 0.1. (It is noted that no smoothing has been applied to this spectrum.) The peak at 28 days is thus significant at that level. However, without a priori knowledge of the period, it is necessary test whether the largest peak in the vicinity of a 28-day period is significant. Here we choose a band of five frequencies around our frequency of interest and note that a smaller level of α ¼ 0:1 = 5 ¼ 0:02 is required (Wilks, 2011) . In this case, the peak value and two nearby peaks satisfy the significance condition. As such we assert that the 28-day oscillation is present to at least a 90% confidence level.
